The four serotypes of dengue virus (DENV-1 to -4) cause the most important emerging viral disease. Protein E, the principal viral envelope glycoprotein, mediates fusion of the viral and endosomal membranes during virus entry and is the target of neutralizing antibodies. However, the epitopes of strongly neutralizing human antibodies have not been described despite their importance to vaccine development. The chimpanzee Mab 5H2 potently neutralizes DENV-4 by binding to domain I of E. The crystal structure of Fab 5H2 bound to E from DENV-4 shows that antibody binding prevents formation of the fusogenic hairpin conformation of E, which together with in-vitro assays, demonstrates that 5H2 neutralizes by blocking membrane fusion in the endosome. Furthermore, we show that human sera from patients recovering from DENV-4 infection contain antibodies that bind to the 5H2 epitope region on domain I. This study, thus, provides new information and tools for effective vaccine design to prevent dengue disease.
Introduction
The four serotypes of the mosquito-transmitted dengue virus (DENV) constitute the largest vector-borne viral disease burden on the planet (Monath, 1994) . There is neither an approved vaccine nor specific therapy against these pathogens. DENV belongs to the flavivirus genus of the Flaviviridae family, which includes other important human pathogens such as Japanese encephalitis (JE), West Nile (WN), yellow fever (YF), and tick borne encephalitis (TBE) viruses (Lindenbach and Rice, 2001) . The virus particles measure around 500 Å in diameter and possess a lipid bilayer that harbours 180 copies of the membrane and envelope (E) glycoproteins. Entry into host cells occurs via receptormediated endocytosis followed by low pH induced fusion of the viral and endosomal membranes (van der Schaar et al, 2008) . The E protein is required for both steps of the entry pathway.
Protein E displays about 30% sequence variability across DENV serotypes. Crystal structures are available for the preand/or post-fusion forms for the soluble ectodomain of E (sE) from several flaviviruses, including DENV serotypes 1-3 (Rey et al, 1995; Modis et al, 2003 Modis et al, , 2004 Modis et al, , 2005 Bressanelli et al, 2004; Zhang et al, 2004; Kanai et al, 2006; Nybakken et al, 2006; Nayak et al, 2009) . The E protein fold and virion architecture are conserved in all flaviviruses (Lindenbach and Rice, 2001) . sE contains three domains (DI, DII and DIII) . DI consists of a 9-stranded b-barrel with strands labelled A 0 through I 0 . DII is formed by insertions in loops D 0 E 0 and H 0 I 0 and carries a hydrophobic fusion loop at its tip. DIII has an immunoglobulin superfamily fold and is thought to bind to cell surface receptors (Crill and Roehrig, 2001 ). The ectodomain is attached to the viral membrane by a downstream amphipathic stem region followed by a double transmembrane helix at the C-terminus of the protein. In the mature virion, 90 E dimers form a closed shell around the viral membrane, defining the outer surface of the mature virus particle (Kuhn et al, 2002) . In the acidic conditions of the endosome, the E subunits dissociate into monomers and insert their fusion loops into the endosomal membrane, which induces the co-axial trimerization of the protein via DI and DII. The simultaneous or subsequent folding back of DIII and stem regions against the lateral surface of the trimer then brings the viral and target membranes together, in the first step of membrane fusion (Bressanelli et al, 2004; Modis et al, 2004; Nayak et al, 2009 ). However, information about intermediate states of E along the fusion pathway is lacking, and as such the molecular details of how the assembly of trimers is coupled to DIII relocation remain obscure. Likewise, how this enormous reorganization of the E protein subunits is accomplished within the context of the flavivirus virion is unknown.
The E protein is the target of potently neutralizing antibodies against DENV and other flaviviruses. Several flavivirus immunocomplexes have been studied by cryo-electron microscopy (EM) in combination with X-ray crystallography (Nybakken et al, 2005; Kaufmann et al, 2006; Lok et al, 2008; Cherrier et al, 2009) . A murine monoclonal antibody (Mab) binding to DIII from DENV-1 through DENV-3 was shown to prevent cell attachment by disrupting the virion architecture (Lok et al, 2008) , while two WN virus-specific Mabs of murine and human origin were found to neutralize post-attachment by interfering with the acid induced disassembly of the E glycoprotein shell during the initial stages of the membrane fusion pathway (Kaufmann et al, , 2010 Thompson et al, 2009) .
Dengue infection confers life-long immunity to the infecting serotype only (Sabin, 1952) . Subsequent infections by different serotypes carry an elevated risk of life-threatening disease (Halstead, 2003) . Weakly neutralizing, cross-reactive antibodies that bind to virus particles from multiple serotypes dominate the human immune response to dengue (Stiasny et al, 2006; Lai et al, 2008; Crill et al, 2009) . Severe disease associated with heterotypic DENV infections is thought to involve enhancement of DENV infection of F c g receptorbearing cells by these antibodies, a phenomenon called antibody-dependent enhancement (ADE; Halstead, 2003) . Consequently, a safe vaccine would need to protect against all four DENV serotypes. The epitopes recognized by strongly neutralizing, serotype-specific human antibodies are of particular interest, although none have been described. DIII carries the epitopes of potent, serotype-specific murine antibodies Sukupolvi-Petty et al, 2007; Shrestha et al, 2010; Wahala et al, 2010) , but the role of anti-DIII antibodies in the human immune response to DENV is unclear (Crill et al, 2009; Wahala et al, 2009 ). Analysis of memory B cells from DENV-infected individuals identified potently neutralizing, serotype-specific IgGs binding to unknown epitopes on either DI or DII (Beltramello et al, 2010) . Repertoire cloning studies on bone marrow samples from DENV-infected chimpanzees yielded similar results, leading to the isolation of the potently neutralizing Mab 5H2 (Men et al, 2004) , which is specific for DENV-4 and binds to an epitope on DI (Lai et al, 2007) , a portion of E whose immunogenic properties are poorly characterized. Here, we performed a structural and functional characterization of Mab 5H2.
Results

Crystal structures of DENV 4 sE in complex with Fab 5H2
We determined the crystal structure of DENV-4 sE in complex with Fab 5H2 to 3.2 Å resolution. The asymmetric unit contains two copies of sE, organized as in the flavivirus pre-fusion head-to-tail dimer (Rey et al, 1995) , with each E subunit bound by a Fab molecule ( Figure 1A and B). Analysis Figure 1 Crystal structures of Fab 5H2 in complex with DENV-4 sE and rDI. (A) Structure of the E glycoprotein shell from the mature DENV-2 virion (PDB accession code 1THD). Domain I (residues and domain III (residues 296-395) are shown in red, yellow and blue, respectively. The fusion loop (residues 100-108) is shown in green. One E dimer has been emphasized for clarity. The adjacent icosahedral five-, three-and two-fold symmetry axes are indicated. (B) Two views of the DENV-4 sE dimer in complex with Fab 5H2. The heavy and light chains of the Fabs are shown in dark and light grey, respectively. The viewing direction in the upper panel corresponds roughly to that in (A). One copy of the sE/Fab complex has been outlined. The lower panel shows the structure viewed 901 away, roughly in the plane of the E glycoprotein shell in the virus. The variable and constant domains of the heavy chain and k light chain are labelled. The viral membrane is indicated. (C) One copy of the rDI/Fab crystal structure with rDI shown in red.
of this structure showed that the 5H2 epitope resides on DI. Therefore, in an attempt to improve the resolution, we then engineered a construct that allowed the production of the isolated recombinant DI (rDI; see Figure 1C and Materials and methods). We obtained crystals of rDI in complex with the Fab that diffracted to 2.7 Å resolution and contained two copies of the complex in the asymmetric unit. The statistics of the crystallographic analyses and refinement of the atomic models are provided in Table I . The structure of DI from the rDI/Fab complex can be superposed on its counterpart from the sE/Fab structure with a root mean square deviation (r.m.s.d.) of 0.8 Å for 88 equivalent C a atoms (Supplementary Figure S1A) , showing that DI can fold independently of the presence of the other domains of E. In particular, the conformation of the rDI C-terminal region is identical to that of DI within sE, up to and including residue 295, such that the N-terminal portion of the DI/DIII linker is in the correct configuration in spite of the absence of DIII. Superposition of the rDI/Fab complexes onto the sE/Fab complexes, omitting the Fab constant domains from the calculation, gives r.m.s.d of 0.6-0.8 Å for 314-318 equivalent C a atoms (Supplementary Figure S1B) . Comparison of the structures of the rDI/Fab and sE/Fab complexes showed that the Fab recognizes essentially identical sets of epitope residues, which maintain an identical conformation as far as we can tell, given the difference in resolution of the two structures. The antibody/antigen complex buries B850 Å 2 of accessible surface area per molecule, with a shape correlation factor of 0.61 (Lawrence and Colman, 1993) , which are values typical of antibodyantigen complexes.
The conformation rDI N-terminal region
The DENV-4 rDI structure differs significantly, however, from DI in sE in the first 20 residues of the molecule, comprising the N-terminus, the A 0 strand and the A 0 B 0 loop (Supplementary Figure S1C) . In the pre-fusion dimer, the N-terminal end of sE is located at the DI/DIII interface, with residues 8-13 forming the A 0 strand and residues 14-19 in the A 0 B 0 loop (Figure 2A ), as observed previously for DENV-2 and DENV-3 (Modis et al, 2003 Zhang et al, 2004) . By contrast, in rDI, the A 0 strand consists of residues 4-6, so that rDI A 0 B 0 loop (residues 7-19) is longer than in sE ( Figure 2B ). Residues 1-20 do not interact with the bound Fab. Furthermore, the observed conformation is the same in the two copies of the rDI/Fab complex in the crystal asymmetric unit, indicating that it does not result from crystal-packing interactions. The conformation of these residues is, therefore, likely to correspond to the lowest free energy state of DI when DIII is absent.
The fusogenic conformational change of sE from dimer to trimer is accompanied by a remodelling of the sE N-terminal region and the DI/DIII linker (Modis et al, 2004) . In the postfusion sE trimer, the DI A 0 strand is also formed by residues 4-6, as in rDI ( Figure 2C ). In the trimer, residues 10-14 in the A 0 B 0 loop form an additional b-strand that clips onto the B 0 strand, directing the polypeptide chain towards the trimer three-fold axis, where it interacts with its counterparts in the adjacent E subunits. This rearrangement makes room for the DI-DIII linker in its post-fusion conformation, which inserts as a short b-strand between the A 0 and C 0 strands. In the structure of the rDI/Fab complex, the conformation of residues 1-6 is very similar to that observed in the post-fusion 
where F o (h) and F c (h) are the observed and calculated structure factor amplitudes of reflection h. R free corresponds to a randomly selected 5% of reflections excluded from the refinement. d Calculated using the molprobity webserver (http://molprobity.biochem.duke.edu/). Figure S1C ; Figure 2B and C). However, the rDI A 0 B 0 loop is instead turned towards the C 0 strand, thus occluding the post-fusion binding site for the DI-DIII linker (the latter being in its pre-fusion conformation, accordingly; Figure 2B ). These results show that the Nterminal region of DI spontaneously adopts a conformation that is mid-way between those found in the pre-and postfusion forms when DIII is absent. Hence, the N-terminal region of E could adopt this conformation when the prefusion DI-DIII interface is broken during the fusogenic conformational change.
form of sE (Supplementary
The 5H2 epitope Mab 5H2 was raised against DENV-4 strain 814669, which is 100% identical in the E protein gene to strain Myanmar 1976 used in our constructs. The 5H2 epitope is located on the exposed, (coloured green in Figure 3A and B). Residue Lys 174 forms the only salt bridge across the interface, with residue Asp H100e in the complementarity determining region (CDR) H3 loop of the Fab. Residue Arg 293 is part of the linker between DI and DIII, which undergoes a major relocation during the fusogenic conformational change of E. This residue stacks beneath Arg L32 (L2 loop) and donates a hydrogen bond to Asn L92 (L3 loop). Despite the absence of DIII in the rDI/Fab complex, the electron density maps of both the rDI/Fab and sE/Fab complexes are very clear in this region and show identical interactions.
Aside from the conserved residue Glu 172 , the epitope residues that engage the antibody using their side chains (Lys 174 , Asp 177 , Glu 180 , and Arg 293 ) are variable across serotypes ( Figure 3C ). In particular, the consensus residue 174 is glutamine, glutamate, or isoleucine in DENV-1, -2, and -3, respectively. DENV-4 neutralization escape variants generated against 5H2 most commonly harbour a single mutation, Lys 174 Glu, which completely abrogates 5H2 binding (Lai et al, 2007) . The unique identity and interactions of DENV-4 residue Lys 174 are thus a critical determinant of Mab 5H2 binding affinity and specificity. Additionally, the interactions made by Asp 177 , Glu 180 , and Arg 293 described above would also be generally incompatible with the identity of the corresponding residues in the other DENV serotypes ( Figure  3B and C), explaining the specificity of 5H2 for DENV-4 strains.
The epitopes of serotype-specific murine antibodies binding to DIII have been shown to harbour sequence variations between genotypes that can have major effects on Mab binding and neutralization efficacy (Balsitis et al, 2010; Brien et al, 2010; Sukupolvi-Petty et al, 2010; Wahala et al, 2010) . The key residues of the 5H2 epitope (Glu 172 , Lys 174 , Pro 176 , Asp 177 , Glu 180 , and Arg 293 ) are conserved in almost all (28/30) DENV-4 strains present in the database. Accordingly, Mab 5H2 was previously shown to neutralize three geographically diverse DENV-4 strains (814669, H241, and 341750) with equally high efficiency (Men et al, 2004) . Thus, we anticipate that 5H2 will efficiently neutralize the vast majority of DENV-4 strains currently circulating worldwide. 5H2 inhibits fusogenic conformational changes in E Mab 5H2 was previously shown to block a post-attachment step of the DENV-4 entry pathway, since treatment of DENV-4 virions with the antibody either before or after virus binding to cultured cells is equally effective in blocking infection (Lai et al, 2007) . This suggests that 5H2 neutralizes by preventing fusion of the viral and endosomal membranes, as found for other anti-flavivirus Mabs (Crill and Roehrig, 2001; Nybakken et al, 2005; Kaufmann et al, 2006 Kaufmann et al, , 2009 Kaufmann et al, , 2010 Thompson et al, 2009; Vogt et al, 2009) . Indeed, two Mabs binding to the 5H2 epitope region on the TBE virus E protein were shown to block viral membrane fusion with liposomes (Stiasny et al, 2007) . We tested the effect of Mab 5H2 on viral membrane fusion with liposomes using a previously reported assay (Zaitseva et al, 2010 ; see Materials and methods). For this purpose, DENV-4 virions whose membranes had been pre-labelled with a self-quenching concentration of the fluorescent lipid DiD, were incubated with various concentrations of Mab 5H2 and mixed with liposomes that mimic the phospholipid composition of late endosomes. Fusion of the viral membranes with the liposomes was then induced by acidification to pH 5.5, resulting in dilution of DiD in the liposomes and an increase in DiD fluorescence due to de-quenching. Mab 5H2 inhibited lipid mixing in a dose-dependent manner ( Figure 4A and B), to levels comparable to those observed for two fusion-blocking human Mabs against WN virus, CR4354 and CR4348 (Vogt et al, 2009) . Indirect ELISAs using Mab 5H2 and immobilized rDI, performed at pH 5.5 and 7.0, yielded K d values of 2.9 nM (95% confidence interval 2.6-3.3 nM) and 1.3 nM (1.2-1.5 nM), respectively (see Supplementary Figure S2 ), indicating that endosomal acidification would not significantly reduce the affinity of the antibody for the virus. These observations strongly suggest that neutralization of DENV-4 by Mab 5H2 involves blocking membrane fusion within the endosome.
A key feature of the fusogenic conformational change of E is the relocation of DIII (Bressanelli et al, 2004; Modis et al, 2004; Nayak et al, 2009;  Figure 4C ). This is accompanied by a substantial swing-around of the residues in the DI-DIII linker, which would require residue Arg 293 to shift B10 Å away from its position in the pre-fusion state ( Figure 4D ). The interactions of Mab 5H2 with this residue ( Figure 3B ) are thus likely to prevent this movement ( Figure 4D ). To further investigate the effects of 5H2 on the membrane fusion transition, we docked our DENV-4 rDI/Fab 5H2 crystal structure onto one subunit in the DENV-2 sE post-fusion trimer (see Figure 4E and F and Materials and methods). In this location, the Fab clashes severely with DIII from the neighbouring subunit in the trimer ( Figure 4F and G): thus, the bound Fab would prevent the fusogenic conformational change in the adjacent subunit by occluding the lateral binding site for its DIII. Thus, 5H2 appears to directly prohibit the fusogenic conformational change simultaneously in two E subunits in the pre-hairpin trimer. A recent study showed that stable association of the DENV-2 sE trimer with liposomes requires at least two out of the three subunits to adopt the post-fusion hairpin conformation (Liao et al, 2010) . These observations strongly indicate that pre-hairpin trimers containing one Fab-bound subunit would be incapable of pursuing their transition into the fusogenic hairpin conformation.
The 5H2 epitope region is immunogenic in humans
Comparison of the 5H2 sequence with the chimpanzee and human antibody germ-line genes (see Materials and methods and Supplementary Figure S3) demonstrates that a human equivalent to 5H2 (hu5H2) sharing 98% amino-acid sequence identity with 5H2 over its variable domains can be constructed from the gene segments listed in Table II . It is, therefore, possible that hu5H2 would be raised in humans in response to infection by DENV-4. To investigate this, we analysed five serum samples from patients convalescing from secondary DENV-4 infections, to see their IgG binding responses to purified DENV-4 rDI and sE by indirect ELISA (Figure 5A and B) . The absorbance values were standardized using Mab 5H2 (see Materials and methods), allowing the binding profiles of each serum to rDI and sE to be quantitatively compared. All (5/5) patient sera tested bound to sE ( Figure 5A ), while those from patients 1-3 showed a lower but nonetheless clear response to rDI whose magnitude varied between samples in-step with the corresponding variations in the sE response ( Figure 5B ). Naive serum (patient 6) showed essentially no binding to either sE or rDI. An analysis of the ELISA binding profiles estimated that 3.6, 2.3 and 3.0% of the sE-specific IgG from patients 1-3 binds to rDI (see Materials and methods). We then performed competition ELISA experiments that quantified the ability of antibodies in the sera to inhibit the binding of rDI to immobilized Mab 5H2. Patient sera 1-3 inhibited rDI binding to the plate by 20-50% at the lowest dilution (1/10), while sera 4 and 5 showed essentially no inhibition ( Figure 5C ), consistent with the low levels of anti-rDI antibodies in these samples. These results suggest that at least a portion of the anti-rDI antibodies in patient sera bind to epitopes on DI that overlap with that of Mab 5H2.
Discussion
A major reorganization of the flavivirus E protein takes place during virus entry into target cells. In response to the acidic environment of the endosome, the E dimers in the mature virion dissociate into monomers, which then re-assemble into fusogenic trimers. Crystal structures are available for the pre-and post-fusion forms of sE, but a detailed molecular understanding of the fusion transition is lacking due to the absence of information about intermediate states. The observed conformation of rDI provides a snapshot of an intermediate conformation of this domain during the transition from dimer to trimer. In this intermediate, the A 0 B 0 loop adopts a conformation that occludes the post-fusion binding site for the DI-DIII linker, preventing DIII relocation. Once the E subunits have formed the pre-fusion trimer, the A 0 B 0 loops would change into the post-fusion conformation, forming inter-subunit contacts with each other and concomitantly exposing the post-fusion binding sites for the DI-DIII linkers. Thus, the A 0 B 0 loop might act as a molecular switch that permits DIII relocation to proceed only within the context of the correctly assembled pre-hairpin trimer, and ensures that this occurs simultaneously in all three subunits.
To investigate how 5H2 would bind to the mature DENV-4 virion, we docked our crystal structures onto the available quasi-atomic model of the mature DENV-2 virion ; see Materials and methods), the accepted model for flavivirus organization in general. The icosahedral The fusogenic conformational change of a single E subunit. The DENV-4 sE subunit, as imaged in our crystal structure of the sE/Fab complex, is shown with DI-DIII coloured red, yellow and cyan, respectively, with the fusion loop in green. The position of DIII in the post-fusion conformation is shown in blue. This was obtained by superposing the structure of the post-fusion form of the DENV-2 sE onto the DENV-4 sE subunit using residues in DI. (D) 5H2 binding stabilizes the pre-fusion form of the E subunit to which it is bound. The pre-fusion DENV-4 sE in complex with Fab 5H2 is coloured as in (C) with the Fab shown in pink space-fill. The position of DIII and the DI-DIII linker in the post-fusion state, based on the post-fusion DENV-2 sE structure as described above, are shown in blue. The side chains of residues Arg 293 and Gln
293
, which are located in the DI-DIII linkers of DENV-4 and DENV-2, respectively, are shown as spheres. (E) The DENV-2 post-fusion sE trimer (PDB accession code 1OK8). The near subunit is shown in cartoon representation with DI-DIII coloured red, yellow and blue and the fusion loop in green. The adjacent subunits in the trimer are shown in white and pale-cyan space-fill. (F, G) Fab 5H2 would block DIII relocation of the adjacent E subunit in the trimer. Fab 5H2 (pink space-fill) was docked onto DI of the near sE subunit (see Materials and methods). (F) A close-up view with part of the molecular surface of the Fab cut away, indicating the steric overlap between the Fab and the DIII from a neighbouring E subunit (dark green cartoon). asymmetric unit of the mature flavivirus virion contains three independent E protein subunits (referred to as A, B and C- Figure 6A ) that inhabit chemically distinct environments (Kuhn et al, 2002) . This exercise suggests that 5H2 can bind unencumbered to subunits A and B, but not to subunit C, the latter burying its epitope in contacts with three-fold symmetry-related E molecules ( Figure 6B ; Supplementary Figure S5 ). Thus, we predict that the mature DENV-4 virion has 120 epitopes that are accessible for 5H2 binding, as found for every flavivirus/Fab complex imaged experimentally to date (Kaufmann et al, 2006 (Kaufmann et al, , 2010 Lok et al, 2008; Cherrier et al, 2009 ). The C subunits in our model may provide a source of fusion-competent E protomers, requiring a greater proportion of the accessible epitopes on the virion to be bound by the antibody to bring about neutralization. Although our crystal structures suggest that 5H2 would prohibit the formation of functional trimers, it is also possible that the antibody also interferes with earlier stages of the fusion pathway, as seen for two antibodies against WN virus (Kaufmann et al, 2006 (Kaufmann et al, , 2010 . Further studies, including a cryo-EM reconstruction of the DENV-4/Fab 5H2 immunocomplex, will be required to explore fully how 5H2 disables the viral membrane fusion apparatus. 5H2 may prove to be useful tool to provide further new insights into how the membrane fusion pathway is implemented in the context of the virion, and how the architecture of the mature virion relates to its function as a membrane fusion machine.
The strongly neutralizing DENV epitopes targeted by the human immune system are unknown, despite their obvious importance to vaccine development. Analysis of immune sera and memory B cells recovered from infected individuals indicates that long-term, serotype-specific immunity to DENV involves antibodies that bind to undescribed epitopes located on either DI or DII of the E protein (Crill et al, 2009; Wahala et al, 2009; Beltramello et al, 2010) . Here, we have shown that convalescent phase patient sera can contain antibodies that bind to DI and that the epitopes of at least some of these antibodies overlap with the 5H2 epitope. Interestingly, a small number of DENV-4 strains, which belong to genotype III, possess glutamate in plate of lysine at position 174 of E (Klungthong et al, 2004) , which abrogates 5H2 binding (Lai et al, 2007) as discussed above. Perhaps, this mutation has arisen from selective pressure from 5H2-like antibodies in humans. Further studies will be required to further characterize DI-specific human antibodies. We have demonstrated here for the first time that correctly folded rDI can be produced in the absence of the other E protein domains. Recombinant DIs could be used as new tools to further probe the antigenic structure of E in humans. Furthermore, tetravalent formulations of DENV rDIs offer an unexplored vaccination strategy with the potential to elicit strongly neutralizing serotype-specific antibodies simultaneously against all four serotypes.
Materials and methods
Protein production, purification and crystallization A DNA fragment containing the DENV-4 (strain Myanmar 1976; unpublished) genomic region coding for the prM-sE (1680 nt in total including all of prM and the E ectodomain, ending at codon 394 of E) was amplified by PCR using specific primers and inserted into the plasmid pT351. This is a shuttle vector containing selection markers for yeast and E. coli, as well as a metallothionein-inducible expression cassette for Drosophila cells. In the construct, called pT351/DENV-4 sE, the prM-sE sequence is in frame with the Drosophila BiP signal peptide, which directs the recombinant protein to the secretory pathway, and with a StrepTag (http:// www.iba.com) for affinity purification at its C-terminus, preceded by an enterokinase cleavage site for specific proteolytic removal of the tag. The presence of the prM sequence ensures folding of sE in the ER in the presence of its natural chaperone. Upon prM cleavage by Drosophila Furin in the TGN, the sE dimer dissociates from the complex and is found secreted in the medium. Drosophila S2 cells (Invitrogen, Carlsbad, CA) were co-transfected with pT351/DENV-4 sE and a vector conferring resistance to puromycin, using the effectene transfection reagent (Qiagen). The selected cells were adapted to serum-free growth medium and grown to high density before induction with 500 mM CuSO 4 . The supernatant was collected 10 days later, concentrated using a flow concentration system with a 10-kDa cutoff membrane (Vivascience), and sE purified by affinity chromatography using a streptactin column. The eluate was concentrated and further purified by size-exclusion chromatography, using a superdex 200 10/300 column (GE healthcare) with 0.5 M NaCl and 50 mM Tris (pH 8.0). For rDI, we used a synthetic gene (Genscript) corresponding to DENV-4 E residues 1-50, 135-190 and 281-298 . The D 0 and E 0 loops were joined by inserting a Gly-Gly linker between residues 50 and 135, while a Thr residue was inserted in-between residues Gly 190 and Gly 281 to link the G 0 and H 0 strands. This was cloned into the pT351 vector, expressed in Drosophila S2 cells and purified from supernatants exactly as described for the prM-sE construct above. The purified proteins were concentrated to 8 mg/ml (sE) and 10 mg/ml (rDI) in 150 mM NaCl, 50 mM TRIS pH 8.0.
The recombinant, His-tagged 5H2 Fab fragment was produced in the periplasm of E. coli essentially as described previously (Men et al, 2004) . DNA fragments encoding the Fab 5H2 heavy-and lightchain sequences were cloned into a pCOMB3H phage display vector that had been modified to encode a six-residue histidine tag at the 3 0 -end of the heavy-chain insert (Glamann et al, 1998) . This plasmid was transformed into E. coli strain XL-1 Blue. Selected colonies were grown to an early exponential phase (optical density at 600 nm of B0.2) in 1 L of L-broth containing 1% glucose, 100 mg/l ampicillin and 10 mg/l tetracycline at 301C. Fab production was induced by transferring the bacteria to 2 L of L-broth containing 100 mg/l ampicillin, 10 mg/l tetracycline and 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and growing for 5 h at 301C. The bacteria were pelleted and re-suspended in 50 mM sodium phosphate pH 8, 10 mM Tris-HCl pH 8, 100 mM NaCl, 5 mM MgCl 2 and 20 mM imidazole. The soluble Fab product was released from the bacterial periplasm by three cycles of freeze thaw, and the preparation clarified by centrifugation. The recombinant Fab was purified from the supernatant by immobilized metal affinity chromatography followed by cation exchange chromatography. Fab 5H2 containing fractions were pooled and concentrated to 11 mg/ml in 20 mM HEPES, pH 7.3, 100 mM NaCl. The sE/Fab and rDI/Fab complexes were formed by mixing the purified proteins at 1:1 stoichiometry and an overall concentration of B10 mg/ml. Vapour diffusion crystallization trials were performed immediately, without further purification or incubation of the sample, at 191C. Drops were formed by mixing equal volumes of the protein and reservoir solution. Crystals of the sE/Fab complex grew from 8% polyethylene glycol 8000, 8% 4-methyl pentane diol (MPD) and 0.1 M HEPES, pH 7.5 as the reservoir solution, while the rDI/Fab complex was equilibrated against 2.0 M ammonium sulphate. The crystals were cryo-cooled in liquid nitrogen after they were first transferred into a cryo-protectant solution consisting of the reservoir solution condition supplemented with 25% MPD (sE/Fab) or 25% glycerol (rDI/Fab).
Structure determination and analysis
The X-ray data were collected at the Swiss Light Source beamline PX1 using the high-resolution diffractometer set-up and the Pilatus 6M detector (Broennimann et al, 2006) . Data were processed using XDS (Kabsch, 1988) . Scaling and reduction were performed using SCALA (Evans, 2005) and programs from the CCP4 suite Figure 6 Model of Fab 5H2 binding to the mature DENV-4 virion. (A) Overview of the quasi-atomic model of the DENV-4 E protein shell, constructed as described in Materials and methods. The three unique E protein subunits in the icosahedral asymmetric unit (subunits A-C) are shown in space-filling representation and coloured green, blue and red, respectively. The symmetry copies of these subunits are coloured light green, light blue and pink, respectively, and are shown as loop trace. The Mab 5H2 epitopes are coloured yellow. The icosahedral five-, threeand two-fold symmetry operators bordering on or existing within one icosahedral facet are labelled. (B) Predicted decoration of the mature DENV-4 virion by Fab 5H2. Here, all of the A, B and C subunits are coloured green, blue and red, respectively. The heavy/light chains of the Fab molecules are coloured dark grey/white. (Collaborative Computing Project No. 4, 1994) . Starting phases for crystals of the sE/Fab complex were obtained by molecular replacement using MOLREP (Vagin and Teplyakov, 1997) . Here, the crystal structures of a Fab fragment from an anti-uranyl antibody (E Stura, unpublished) and the DENV-2 sE (PDB accession code 1OKE) were used as search models. The structure was rebuilt in COOT (Emsley and Cowtan, 2004) and refined using a pre-release version of BUSTER (Bricogne, 1993) , with restrained all-atom B-factor refinement and local structure similarity non-crystallographic symmetry (LSSNCS) restraints. The structure of the rDI/ Fab complex was solved by molecular replacement using the corresponding portion of the sE/Fab 5H2 complex. The structure of the rDI/Fab was refined in BUSTER using restrained all-atom B-factor refinement, LSSNCS restraints and TLS refinement with each domain defined as a separate group. Water molecules were added automatically in the later stages of refinement and verified manually. Structural superpositions, buried surface area and surface complementarity coefficient calculations, and inter-molecular contacts were performed using programs from the CCP4 suite (Collaborative Computing Project No. 4, 1994) . Figures were prepared in PYMOL (http://pymol.sourceforge.net).
The model of Fab 5H2 bound to the post-fusion form of the E protein was generated by superposing the rDI/Fab complex (chains A, H and L) onto the post-fusion structure of DENV-2 sE (PDB accession code 1OK8; Modis et al, 2004) via superposition of the corresponding DIs (r.m.s.d. ¼ 1.2 Å between equivalent DI C a atoms). Binding of Fab 5H2 to the mature DENV-4 virion was modelled by superposing the DI-DIII/Fab and DII from our 3.2 Å resolution sE/Fab 5H2 crystal structure (chains A, H and L) separately onto the DI-DIII and DII, respectively, of each E protein subunit in the icosahedral asymmetric unit of the quasi-atomic model of the DENV-2 E protein shell (PDB accession code 1THD). Icosahedral symmetry was then applied. This gave r.m.s.d. in C a coordinates of 0.9 and 1.1 Å over DI-DIII and DII, respectively. This method mimicked the original fitting procedure that was used to position the DENV-2 sE protein crystal structure into the 9.5 Å resolution cryo-EM reconstruction of the mature DENV-2 virion .
DENV-4 and cultured cells
Mosquito C6/36 cells (American Type Culture Collection, Manassas, VA) were grown in minimum essential medium (MEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 0.05 mg/ml gentamicin and 2.5 units/ml amphotericin B (Fungizone). Production and purification of DENV-4 was performed essentially as described in Kuhn et al (2002) . Confluent C6/36 cells were infected with DENV-4 strain 814669 at multiplicity 0.2. After 4 days, the virus was harvested and cleared from cell debris. Subsequently, virions were precipitated with 8% polyethylene glycol 8000 overnight, and re-suspended in NTE buffer (20 mM Tris-HCl, 120 mM NaCl, 1 mM EDTA). Virions were purified on 10-35% potassium tartrate step gradients by ultracentrifugation at 41C for 2 h at 35 000 r.p.m. The virus fraction was concentrated and cleared using Amicon centrifugal filter devices (Millipore, Billerica, MA, USA). The DENV-4 purity was analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The viral titre was determined by focus assay in Vero cells.
Antibodies
Large-scale production and purification of full-length humanized Mab 5H2 (Men et al, 2004) following transient transfection of 293T cells was performed by Kemp Biotechnology (Gaithersburg, MD). The humanized chimpanzee MAb 2E6, which was used as a nonbinding control in the fusion inhibition assays (described below), was derived by repertoire cloning from a chimpanzee initially immunized with Langat virus (LGTV) and then boosted with attenuated TBE virus/DENV-4 chimera. The TBE virus/DENV-4 chimera is a chimeric flavivirus in which the prM and E genes of DENV-4 have been substituted for their counterparts from LGTV. Mab 2E6 is specific for the TBE virus complex and neutralizes LGTV and the TBE virus/DENV-4 chimera at a high titre in vitro (manuscript in preparation).
Fusion inhibition assay
We characterized fusogenic activity of DENV-4 virions towards liposomes as described in Zaitseva et al (2010) . Briefly, viral particles were labelled with a self-quenching concentration of the fluorescent lipid DiD from a Vybrant cell-labeling kit (Molecular Probes, Eugene, OR). Large unilamellar liposomes of 100 nm diameter were formed by extrusion from the mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, soy L-a-phosphatidylinositol, bis(monooleoylglycero) phosphate, S,R Isomer (all from Avanti Polar Lipids, Alabaster, AL) in a molar ratio of 5:2:1:2. This lipid mixture mimics the phospholipid composition of late endosomal membranes (Kobayashi et al, 2002) . Mixtures of purified DENV-4 virions (B10 5 focus forming units in 100 ml) with various concentrations of Mab 5H2 or control (Mab 2E6) were pre-incubated for 30 min at 371C and then for 2 h at 41C, prior to addition to liposomes (in 20 mM Tricine-HCl and 140 mM NaCl, pH 7.8) to give a final lipid concentration of 30 mM in a volume of 2 ml. The fusion reaction was triggered by adding a pre-titrated amount of MES/acetic acid buffer to reach pH 5.5. We recorded fluorescence at excitation and emission wavelengths of 620 and 665 nm, respectively, using an Aminco Bowman Series 2 luminescence spectrometer (Rochester, NY). At the end of each recording, we added Triton X-100 to a final concentration of 0.1% to fully de-quench DiD ('100% lipid mixing'). In control experiments, we abolished the fusogenic activity of DENV-4 by a 15-min incubation with 2 mM diethylpyrocarbonate (DEPC, Sigma, St Louis, MO), a histidine-modifying reagent (Zaitseva et al, 2010) .
Sequence analysis of the 5H2 variable domains
In order to establish the chimpanzee antibody germ-line genes from which 5H2 derives, we performed a BLAT search (http://genome. ucsc.edu/) of the 5H2 nucleotide sequence against the chimpanzee genome (March 2006 CGSC 2.1/panTro2 assembly-Chimpanzee Sequencing and Analysis Consortium, 2005). This gave the V H , V k and J k genes listed in Table II as the matches with the greatest nucleotide sequence identity with 5H2. The J H gene could not be retrieved using this method, probably because of the large number of somatic hypermutations in the fourth framework region of the 5H2 heavy chain (see Supplementary Figure S3) . A BLAT search against the chimpanzee genome using the human J H sequence (identified below) as the query returned the chimpanzee J H gene listed in Table II . We were unable to identify the chimpanzee D segment, which was not surprising since D segment nucleotide sequences are typically too short to be retrieved by these methods. Comparison of the 5H2 nucleotide sequence with these chimpanzee gene segments revealed the somatic hypermutations that had occurred during affinity maturation.
The human germ-line gene segments listed in Table II , and the model for V H -D-J H recombination given in Supplementary Figure  S3 , were obtained by analysis of the 5H2 nucleotide sequence with the IMGT/V-QUEST program (Brochet et al, 2008) . As expected, the human gene segments were 497% identical with their chimpanzee counterparts (Table II) . Affinity maturation of hu5H2 was simulated by inserting the somatically hypermutated bases from the 5H2 nucleotide sequence into the corresponding positions of the human gene segments, unless those substitutions were already present or would be silent. This gave an amino-acid sequence B98% identical to that of 5H2 over the variable domains.
Human serum samples
The human sera used in this study had been deposited with the National Reference Center for Arboviruses, Institut Pasteur de la Guyane, French Guiana, following the patients' non-opposition to the reuse of their samples for research purposes. These sera had been collected from six patients who displayed clinical symptoms of dengue (temperature X38.51C, headache, myalgia and/or arthralgia). Seropositivity for dengue was established using an IgM capture ELISA that used mouse-brain extracts as antigens (Dussart et al, 2008) . The infecting serotype was identified by RT-PCR (Lanciotti et al, 1992) on acute phase blood samples. The serum samples used in this study were collected from the same patients 11-19 days postonset of symptoms, and characterized as primary or secondary infections using IgG and IgM antibody capture ELISA kits (Panbio, Brisbane, Australia) according to the manufacturers instructions. These procedures established that patients 1-5 had presented with secondary DENV-4 infections, while patient 6 had not been exposed to dengue.
DENV-4 rDI and sE indirect ELISA with human sera
The wells of 96-well microtitre plates were coated overnight at 41C with 10 ng of purified DENV-4 rDI or 300 ng of purified DENV-4 sE in 100 ml of PBS. The wells were washed three times with PBS/0.1% Tween-20 (PBS-T) and blocked for 2 h at 371C with 200 ml of PBS-T/ 5% non-fat dried milk (NDM). In the following sections, the plates were washed three times with PBS-T after all incubation steps. The plates were incubated for 1 h at 371C with 100 ml/well of each human serum sample in a three-fold dilution series (starting at 1/25 for rDI and 1/100 for sE) in dilution buffer (PBS-T/1% NDM). Positive and negative controls consisted of substituting the sera for a saturating concentration (50 nM) of Mab 5H2 in dilution buffer, or dilution buffer alone, respectively. The plates were then incubated for 1 h at 371C with 100 ml/well of a horseradish peroxidase (HRP)-conjugated mouse anti-human IgG secondary antibody (Jackson, West Grove, PA, USA) diluted 1:1000 in dilution buffer, followed by 100 ml of 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) substrate solution (KPL, Gaithersburg, MD, USA) for 10 min at room temperature (RT). The reaction was stopped by the addition of 50 ml/well of 0.25 N H 2 SO 4 solution and absorbance values at 450 nm recorded using a plate reader. Normalized, background-corrected absorbance values, A 0 , from the wells of each plate were obtained using the absorbance values A and the equation A 0 ¼ (AÀA 0 )/(A 1 ÀA 0 ), where A 1 and A 0 are the mean absorbance values of the positive and negative controls, respectively, from the same plate. This accounted for the differing amounts of each antigen (rDI or sE) coated onto the ELISA plates and allowed the absorbance values between different plates to be standardized. One experiment was performed for rDI and sE, with each serum sample dilution series tested once on each of three plates.
The percentage of the sE-specific IgG binding to rDI in sera from patients 1-3 was estimated as follows. Inspection of the normalized, background-corrected binding profiles for each serum sample with rDI and sE showed that they were approximately linear as a function of serum dilution for absorbance values o0.5. The absorbance values as a function of reciprocal serum dilution factor (1/n) were thus fitted over this range by linear regression using Prism (GraphPad Software). The gradient is given by the highdilution limit of the fixed-slope dose-response function as (A ) for rDI and sE will not differ substantially from unity. Furthermore, assuming that the overall affinity K of the polyclonal response to DI does not differ significantly from that of the polyclonal response to the fulllength ectodomain, the ratio of the gradients for rDI and sE will correspond approximately to the fraction of the total sE-specific IgG that binds to rDI. The linear fitting to the rDI and sE binding data for patient sera 1-3 is shown in Supplementary Figure S4 . The values of the resulting gradients from patients 1-3 were 25 ± 0.42, 5.7 ± 0.12 and 72 ± 1.5 for rDI, and 690 ± 8.2, 250 ± 9.8 and 2400 ± 26 for sE. These values predict that rDI-specific IgG accounts for B3.6, 2.3 and 3.0% of the total sE-specific IgG titres of patient sera 1-3, respectively.
DENV-4 rDI indirect ELISA with Mab 5H2 at pH 5.5 and 7.0 This was performed using rDI as the capture antigen exactly as described above, except that the serum samples were replaced by three-fold serial dilutions of Mab 5H2 (starting at 333 nM) in 150 mM NaCl, 0.25% bovine serum albumin and 100 mM sodium phosphate/50 mM citric acid buffer at pH 5.5 or 7.0. One experiment was performed in which binding at each pH value was tested in triplicate. The data were fitted with fixed-slope dose-response curves in Prism.
Competition ELISA
The wells of 96-well microtitre plates were coated for 48 h at 41C with 100 ng of purified Mab 5H2 in 100 ml of PBS. Purified, strep-tagged rDI at 0.75 ng/ml was pre-incubated with three-fold serial dilutions of each serum sample (starting at 1/10) in dilution buffer, in 96-well round-bottomed plates at 371C for 90 min. Positive controls for rDI binding consisted of replacing the patient sera with naive serum or dilution buffer, while in the negative control both serum and rDI were substituted for dilution buffer. The positive control for competition for rDI binding consisted of replacing serum with a three-fold dilution series of Mab 5H2. During this incubation step, the wells of the ELISA plate were washed three times with PBS-T and blocked for 1 h at 371C with 200 ml of blocking buffer. In all, 100 ml of each rDI/serum preincubate was transferred to the wells of the ELISA plate, which was then incubated at 371C for 1 h. Recombinant domain I bound onto the immobilized Mab 5H2 was detected by incubating with 100 ml/ well of a mouse anti-strep tag antibody (Qiagen) diluted 1:1000 in dilution buffer for 1 h at 371C, followed by 100 ml/well of an HRPconjugated goat anti-mouse secondary antibody (Sigma) diluted 1:1000 in dilution buffer for 1 h at 371C. The rest of the assay was performed as described for the indirect ELISAs above. Values of percent inhibition of rDI binding to the plate, relative to naive serum, were calculated from the absorbance values A as 100 Â (A naive ÀA)/(A naive ÀA 0 ), where A naive is the mean absorbance value obtained using naive serum in place of patient serum, and A 0 is the mean background (calculated from the negative control). Two independent experiments were performed in which each serum sample was tested in single and triplicate measurements, respectively. The data from both experiments were combined to give the results shown in Figure 5C .
Accession codes
The coordinates and structure factors of the DENV-4 sE and rDI in complex with Fab 5H2 were deposited with the Protein Data Bank (accession numbers 3UAJ and 3UC0, respectively).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
